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ABS TRACT 


We have obtained a first set of observations of the [01] 
3 P q - 3 P^ (145.5 u) transition . We observed the line both in a 

A A A A 

1' x 1' beam centered on the Trapezium, and in a 7' x 7' beam 
encompassing most of the Orion Nebula. We also have con- 

A A 

structed a wide beam (7' * 7') map of the region which shows 

that most of the emission is confined to the central regions 

of the nebula. These observations may be compared with 

3 3 . . 

reported measurement of the P^ - P ^ (63.2 u) transition m 
Orion and are consistent with optically thin emission in the 
145.5 u line and self-absorbed 63.2 u emission lines. We 
discuss mechanisms for the excitation of neutral oxygen and 
conclude that much of the observed emission originates in 
the thin, radio-recombination-line-emitting CII/HI 
envelope bordering on the HII region. 
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I. INTRODUCTION 

In recent years the study of far-infrared fine-structure 
lines has provided a wealth of information concerning ionic 
abundances, densities, and temperatures in gaseous nebula. 

The 3 P^ - (63.2^ and 3 Pq - 3 p^ (145. 5y) inverted triplet 

transitions of neutral oxygen are of particular interest as 
their excitation temperatures of 228° and 327°K, respec- 
tively, imply that these lines can be strongly emitted in 
intermediate temperature regimes associated with low-velo- 
city shocks, ionization fronts, or generally warm neutral 
regions . 

The 63. 2u line was first detected astronomically by 
Melnick et al. (1979) in the Orion Nebula. More recently, 
it has been mapped in Orion (Furniss et al. 1982, Werner 
et al. 1982) and is found to be fairly uniform over a broad 

A A 

region extending roughly 6' in declination and 4.5' in 
right ascension , centered on the Kleimann-Lcw (KL) region. 

Here, we report the first detection of the 145 . 5u line emission, 

/-V A 

both in a 1' * 1' beam centered on the Trapezium and in a 

A A 

7' x 7' beam encompassing most of the nebula. Comparisons 
of the 63. 2y data with 145u observations allow us to con- 
clude that the emission largely comes from the warm neutral 

regions surrounding the ionized gas. 

★ 

Davies et al. (1978) have recently measured the wavelength of 
the 3 P q - 3 P^ transition to great precision in the laboratory 
and find the wavelength to be 145.52548 ± 9 x 10” 3 ]J. 
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II. INSTRUMENTATION 

A. Kuiper Airborne Observatory 

On the mornings of January 14 and 15, 1982, we observed 
the Trapezium region of the Orion Nebula from NASA's Kuiper 
Airborne Observatory flying at an altitude of 12.5 km. The 
instrument used has been described elsewhere (Harwit et al. 
1981; Stacey et al. 1982) . The rectangular field of view, as 
measured in flight, was approximately 1~ square and our re- 
solving power was approximately 1000. At zero pathlength in 
the interferometer, we measured an in-flight system noise- 
equivalent-power, NEP, of 2.9 x 10" l3 W - Hz"\ determined 
through observations of the Kleinmann-Low continuum. 

B. Lear jet 

Following our KAO series, we conducted a series of obser- 
vations of the Orion Nebula with the 30-cm telescope aboard 
NASA's Learjet during February 1982. The instrument used has 
been described by Houck and Ward (1979) . Observations of 
Jupiter suggest an in-flight system —NEP of 2.6 x 10 -13 W HZ” . 

/N /N 

The full-width, half-power beam size was determined as 7' x 7' 
square through observations of Jupiter. The amplitude of 

A 

our 35 Hz chopper throw was 14' in a S.E.-N.W. direction. 

Our instrumental profile is gaussian-shaped and has a full- 
width, half-maximum, corresponding to a resolving power of 
X /AA = 110. 
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III. OBSERVATIONS 

Two Lear jet flights were dedicated to determinincr the 145u flux in 

A /S 

the central 7' x 7' of the nebula. Figure 1 is the average 
of the 15 spectra taken on these flights, each of which shows 
the feature at 145. 5y. Two flights were also dedicated to 
determining the spectrum of Jupiter, our Lear jet calibration 
source in the 145y region. Unfortunately, it was not pos- 
sible to take spectra of both M42 and Jupiter on the same 

flight, so we used the Jupiter spectra whose telluric water 
vapor features most nearly matched those of M42 to calibrate 
our final spectrum. Our best estimate for the line flux of 

the central regions is 4.7 ±0.-9 x 10 -16 W cm -2 . 

We also spent a Learjet flight mapping the entire M42 region. 

Our beam size is so large that a five-point map covers most of 
the region of interest. No flux was detected outside the 
central region at a level above 10" 15 Watt cm -2 , with the pos- 
sible exception of a region South and East of the Trapezium 
where a somewhat higher flux might be present. 

The 145. 5 u transition was also observed from the KAO 

A A 

in a 1' x i 1 beam centered on the Trapezium. The final spec- 
trum, Fig. 2, represents the average of six spectra taken 
on two different nights with two different detectors. Of 
the six, all but one show the feature at 145.5 \i which we 
identify as the 01 line. The line flux was calibrated 
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against continuum flux measurements on the KL Nebula* and 
on Mars, and has a value of 4.8 ± 1.4 * io" 17 w-cm“ 2 . 

C. 63y Observations 

The first observations of the 6 3y emission from M42 

A A 

indicated a flux of 8 * 10" 15 W cm" 2 in a 4' x 6' beam (Melnick 
et al. 1979) . More recently, the region has been mapped at 
63y by Furniss et al. (1982) and Werner et al. (1982). 

Their observations agree to within quoted errors with those 
of Melnick et al. From the contour map of Furniss et al. , we 

A A 

estimate the total 6 3u flux in a 7' x 7 ' beam as 7.3 * 10" 15 W cm" 2 . 
This corresponds to an average 63u intensity of 1.8 x 10" 9 
W cm" 2 sr" 1 , the value we compare with our broadbeam 

A A 

(7' x 7') 145y observations. 

For the Trapezium region, Furniss et al. have observed 
an intensity of 3.8 x 10" 9 w cm" 2 sr in a 1.35' dia- 

meter beam, while Werner et al. measured 6.2 x io 3 W cm" 2 

A 

sr" 1 in a .75' diameter beam. For our models of the Trapezium 

A A 

region, we approximate the 63y intensity in a 1' x l' beam as 
5 . 0 x 10" 9 W cm -2 sr" 1 . 

Table 1 summarizes these data. 


* XV 

Werner et al. (1976) find that the emission within a 1' beam 
at KL may be modeled as a 70°K blackbody if the emissivitv 
falls as 20/A, where the wavelength is measured in microns. 
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IV. DISCUSSION 

01 is neutral, and may be excited by electron and proton 
impact as well as the impact of neutral species. Since the 
ionization potential of oxygen, 13.618eV, is so close to that 
of hydrogen, 13.589eV, we may expect to find almost no 01 in 
the HII region itself. It may exist, however, in the ioniza- 
tion front separating an HII region and an HI region as well 
as in HI, or molecular hydrogen regions. 

A. Ionization Front 

The primary excitation mechanism for neutral oxygen in 
the ionization front is the impact of electrons, with a 
lesser contribution from proton impacts. Melnick (1981) has 
calculated the emissivities of the 63u and 145u lines for 
electron impact as a function of density and temperature. 

We note that the thickness of the ionization front is of the 
order of a mean free path for a hydrogen ionizing photon, 
, vlO i7 /n H cm, and assume pressure equilibrium between a D-type 
ionization front and the compact HII region (n e v 2200 cm -3 , 

T e v 7000 °K , Schraml and Mezger, 1969). For 50% ionization 
and an electron temperature of 3000°K a simple argument then 
shows that the line intensity expected from the ionization 
front is four orders of magnitude smaller than the measured 

intensity. We conclude that the 63u and 145u emission does 

% 

not come from such a front. Here, and in the estimates given 
below, we assume oxygen atoms to be present in cosmic abun- 
dance, n /n_ = 6.8 xlO” 1 *. 

O II 
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B. Shocked Neutral Regions 

Collision cross sections for oxygen atoms excited 
through neutral hydrogen impacts have been calculated by 

Launay andRoueff (1977) • We use these to calculate the emis- 
sivity of the 6 3u and 145u lines as a function of density and 

temperature. Following Melnick (1981) use the ratio of 
the 63y to 145u intensities to determine the number density 
of hydrogen atoms in the emitting region. 

The broadbeam 63u and 14 5y intensities are in a ratio 
of 16:1. If the gas were optically thin, this line ratio 
would indicate that the temperature of the emitting regions 
was v2000°K with a number density of hydrogen atoms ^1.2 * ICTcm 3 . 
The observed intensity over the entire nebula, then, corresponds 

to a radiating mass ^30 M® of hot, neutral hydrogen. In that 
case a 157y [CII] flux comparable to the observed value would 
be emitted as well (Russell et al. 1980). However, measure- 
ments of highly excited rotational transitions of CO by 
Storey et al. (1981) and Stacey et al. (1982) indicate ^1.5 M @ 
of hot (T £750°K) neutral hydrogen in the Orion nebula con- 
fined to the KL - BN region. Furthermore, Beckwith et al. 
(1982) estimate ^.05 of hot (T r ^1500°K) molecular hydrogen 
through observations of rotational transitions of molecular 
hydrogen. We conclude that the temperature of the [01] emit- 
ting regions is unlikely to be as high as 2000°K. 
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C. Warm Neutral Regions 

[01] transitions may also be excited through collisions 
with neutral hydrogen in warm HI regions just beyond the 
ionization front. Photons incapable of ionizing hydrogen 

0 <r 0 

but capable of ionizing carbon , 912 A — X — 1101 A, will 
penetrate the ionization front to the neutral regions. The 
photons will then ionize the neutral carbon, heating the 
gas, producing a warm-ionized-carbon/neutral-hydrcgen 
envelope about the HII region. This ionizing flux has been 
shown (Werner 1970 and Walmsley 1975) to be largely attenu- 


ated by dust absorption, with optical depth unity at a distance 
L v 5 * 10 2 0 n^cm. In the models which follow, we use the 
constraint that the column density of neutral hydrogen in 
the CII region is xv6 or N HI ^ 3 x 10 21 cm -2 . 


The 15 7u CII fine- structure line observation of Russell 
et al. (1980) and the C109a radio recombination line observa- 
tions of Jaffe and Pankonin (1978) indicate that a reasonable 
temperature for the CII region immediately surrounding the 
ionized gas is Tv 200 - 300°K. However, for these temperatures, 
the [01] line ratio is more likely to be of the order 30 , which 

means the 63u emission must be self-absorbed. 

If we take Tv 300°K, then the minimum column density of 

neutral oxygen for the observed Trapezium emission is 

N 0I v 4 x io 1 3 cm" 2 , for which we calculate a line center optical 

depth of the 63u line 


t = it 


n ( 2 ) 
n (01) 


N 0I X 3 A 12 
3tt 3 /2 AV d 


v 2.2 


ri ^ 7TC faciei 2. JL. ^ 2T “llz 30 C 7 "! uU ;3-^ 

then is collisionally de-excited (v.20 for Tv 300°K, 
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n^'VlO 5 cm" 3 ) • n(bl) tiie rat;3 - 0 °f tiie numt)er density of 
oxygen atoms in the ground (J = 2) state to the total number 
density of oxygen atoms, and AV D is the Doppler width of the 
line, taken as the width of the CIO 9a radio- recombination- line, 

AV d ^ 4 km sec” 1 . 

A A 

We construct models for both the broadbeam (7’ x 7') 

A /V 

observations and the Trapezium (1‘ x 1') observations with self- 
absorption of 63y line radiation in mind. Our broadbeam 145u 
observations indicate an average intensity of 1.1 x 10~ 10 W cm -2 sr -1 

/V A 

in our 7' x 7' beam. Jaffe and Pankonin (1978) 
find the C109a radio-recombination- line to 
be extended over a region vlO' square. They model their 
observed emission as emanating from two thin ionized-carbon/ 
neutral- hydrogen regions, one on either side of the HII 
region. Using this model, assuming a column density of neu- 
tral hydrogen in the emitting region of 3 x io 2 1 cm -2 , and 
assuming pressure equilibrium with the compact HII region, 
the observed 145y flux is consistent with optically thin 
emission from the two fronts for a kinetic temperature 

The optically thick 63u 


T v 220 K° and ^1.4 x 10 s cm 3 


intensity would also arise from these sheets provided local, 
line-of-sight velocities were as low as 0.66 km see - ". These are 
smaller than the observed velocity spread of the carbon recom- 
bination lines. But those lines are distributed over broad 
emitting regions, each region possibly having a rather nar- 
rower velocity spread locally, than the v4 km sec 


observed 
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over the entire surface of the layers. Table 2 summarizes 
these characteristics. 

To model the emission from the Trapezium region, we 
must first subtract the intensity contribution of the broad- 
beam model. This leaves a 63y intensity of 3.2x10 9 W 
cm“ 2 sr -1 and a 145y intensity of 4.5 X 10“ xo W cm” 2 sr" '. We 
present two models which will produce this intensity. 

Model I assumes that the Trapezium emission originates 
in one sheet of column density ^ 3x10 2 x cm~ 2 . Assuming 

optically thick 63u emission with a thermal linewidth, we 
derive a brightness temperature of 580°K. The 145y emission 
is then also optically thick, with an intensity I = 3.1 X 10 -10 
W cm -2 sr” 1 . This is somewhat lower than the observed 

value, but still within the quoted errors. 

Model 2 is based on the optical Na-D line work of 
Isobe (1980). Isobe models the Na-D emission from the Trape- 
zium as emanating from globules, i.e., clumps of cold neutral 
gas embedded in the HII region. To explain the observed 6 3y 
and 145y emission, we require an average of three globules 
along the line of sight in the Trapezium. In projection, 
each globule then contributes two CII/HI, [01] emitting fronts. 

If we assume a reasonable temperatue T=310°K for the 
CII fronts, then pressure equilibrium requires that n ^ ^ 10 3 cm” 3 . 

The 63y emission will be optically thick in each front and 
will arrive from only the front nearest the observer. The 
optically thin 145u emission, however, will arrive from a 
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total of six fronts. These six fronts would then give rise 
to enhanced C109a emission in the Trapezium region which is 
also observed (Jaffe and Pankonin 1978) . 
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Figure 1 


Figure 2 


FIGURE CAPTIONS 

/\ 

- 145. 5y flux as measured in 7' *7' beam of the 
Learjet centered on the Trapezium. The contin- 
uum has been fitted by a least squares method 
ignoring the spectral points in the water 
vapor band and in the emission feature. The 
emission line has been fitted by a least squares 
Gaussian which accurately mimics our instrumental 
profile. Error bars indicate one standard devia- 
tion from the mean. Not shown is the region of 

a weaker atmospheric f^O band at 144. 5p. 

- Fourier transform spectrum of the 145. 5u emission 
for a 1’ x 1' beam centered on the Trapezium. The 
band pass of our interferometer-grating-spectro- 
meter-combination is triangular in profile, with 
approximately one micron between half-power points. 
It is centered on 145. 5y, Below 144. 7y and above 
146. ly we expect no signal contribution, and these 
wavelength regions may be used for an estimate of 
the noise. The feature at 146y is probably part 
of the noise. All spectral components are posi- 
tive because our Fourier transform takes the 
square root of the sum of the squares of the cosine 

A 

and sine transforms. The chopper throw was 7.2' 


in a SE to NW direction. 


145.53/i 
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